Many species of bacteria form variants which grow slowly on agar media and produce small or dwarf colonies that are only a few tenths of a millimeter or less in diameter. These small colony variants may be isolated directly from nature as in the case of Salmonella typhosa (Jacobsen, 1910; Morris, Barnes, and Sellers, 1943) , Corynebacterium diphtheriae, and other bacteria (Morton, 1940) . They can also be produced in the laboratory by growing normal, large colony type, bacterial strains of Shigella sp., Salmonella sp., Staphylococcus aureus, Escherichia coli, and other genera and species in media containing toxic inorganic salts or toxic organic compounds such as antibiotics, and also by allowing the cultures to age (Clowes and Rowley, 1955; Stokes and Bayne, 1958a) .
The dwarf colony variant may differ from the large colony, parent strain in inability to ferment some carbohydrates or to synthesize essential growth factors, or in serological and other properties. Wlhere loss of ability to synthesize known growth factors is involved, large colony growth can be obtained by the addition of adequate amounts of the required vitamins or amino acids to the medium (Weinberg, 1950; Stokes and Bayne, 1958a) . In other instances the cause of slow growth has not been determined and decreased permeability to nutrients has been postulated, although the possibility of need for unknown stimulatory growth factors has not been entirely excluded (Clowes and Rowley, 1955; Bayne, 1957, 1958a) .
Some species such as S. pullorum, S. abortusovis, and S. typhisuis, normally grow slowly and form small colonies on solid media.. Such species can be considered to be naturally occurring dwarf colony types. It has been difficult to determine the cause of slow growth of these strains or to increase their rate of growth (Stokes and Bayne, 1957; 1958b) . Recently, however, comparative experiments on the oxidation of amino acids by slowly growing and rapidly growing strains of salmonellae have disclosed some interesting differences between the two types which may provide an explanation for the marked difference in growth rates. These experiments are described here.
MATERIALS AND METHODS
The salmonellae used included: S. oranienburg, S. typhimurium, S. worthington, S. newport, S. derby, and S. anatum as representative of the normal, rapidly growing salmonellae and several strains of S. pullorum as representative of the slowly growing salmonellae. For the manometric experiments, the cultures were grown on trypticase soy agar plates at 35 C for 18 hr, removed with distilled water, centrifuged, and suspended in sufficient 0.1 M phosphate buffer, pH 7.1, to give a reading of 450 on the Klett-Summerson photometer (red filter).
Conventional manometric methods were used to measure the rate and extent of oxidation of amino acids. The main compartment of each Warburg vessel received 2 ml of cell suspension and the side cup received 0.1 ml or 0.2 ml of a 0.02 M solution of the amino acid, i.e. 2 or 4 ,umoles. In the center well was placed 0.2 ml of 10 per cent KOH and a strip of filter paper to absorb CO2. The gas phase was air and the bath temperature 30 C. In some experiments carbon dioxide formation also was measured, and this was done by the direct method.
The L isomers of the amino acids were employed except for the DL isomers of leucine, isoleucine, valine, methionine, and phenylalanine. Aspartic acid and glutamic acid were neutralized 118 is converted into cellular material, the latter having approximately the empirical composition of carbohydrate (CH20)n. This process of oxidative assimilation has been observed with all microorganisms so far examined and also with all substrates tested with the sole exception of formate which is completely oxidized (Clifton, 1950) . Van Niel and Anderson (1941) have shown, however, that there is no assimilation when homofermentative lactic acid bacteria ferment sugars. Therefore the incomplete oxidations of the amino acids by the rapidly growing salmonellae fitted the normal pattern of oxidations of organic compounds by nonproliferating suspensions of bacteria and it could be assumed that the 40 to 50 per cent of the alanine and serine unaccounted for in the oxidations had been assimilated.
There was an unexpected and remarkable difference, however, when the extent of oxidation of alanine and serine by strains of S. pullorum was determined. This is indicated by the data in table 3. Instead of normal, incomplete oxidations, both amino acids were oxidized to the extent of essentially 100 per cent. This appears to be a general property of S. pullorum strains since it occurred with each of the six cultures. Such complete oxidations are normally obtained with resting cell suspensions of microorganisms only when the oxidations are carried out in the presence of inhibitors of oxidative assimilation such as sodium azide, 2, 4-dinitrophenol, methylene blue, and other inhibitors of synthesis (Clifton, 1950; Stokes, 1952) . No inhibitors were added to our suspensions. The reaction mixtures contained only washed cells, phosphate buffer, and amino acids. It must be concluded, therefore, that S. pullorum is unable to transform alanine and serine into cellular material due to some unknown metabolic derangement although the organism can readily oxidize those amino acids.
Confirmation of the absence of assimilation in the oxidation of alanine by S. pullorum was obtained from experiments in which both 02 consumption and C02 production were simultaneously measured. The C02 values, like those for 02 were approximately the theoretically maximal amounts to be expected from oxidation of alanine.
The respiratory quotient was l.0. Therefore, the results are in agreement with the requirements of the equation for the complete oxidation of alanine, CH3CHNH2COOH + 302 -* 3C02 + Also, as will be described later, radioactivity experiments with C14-labeled material confirmed the phenomenon of oxidative assimilation by the rapidly growing salmonellae and the lack of assimilation by the slowly growing S. pullorum strains.
Oxidative assimilation or the absence of assimilation by the fast and slow strains is independent of (i) cell concentration in the range of to 2-fold the normally used cell concentration,
(ii) the pH in the range of pH 5.0 to 8.0, and (iii) the medium used to grow the cells. Yeast extract agar, trypticase soy broth, and trypticase soy agar were used. Also, both slow and fast strains oxidize the D isomers of alanine and serine and the assimilation patterns are the same as with the L isomers. The inability of S. pullorum to assimilate alanine and serine could markedly reduce its rate of growth since these are the only two amino acids which the organism can metabolize rapidly. The oxidation of alanine and serine would not lead, at least directly, to the synthesis of cell material and would be in that sense, a wasteful process. Since S. pullorum does grow on trypticase soy and nutrient agar, although slowly, there must be assimilation of some of the slowly oxidized amino acids. The slow metabolism of the latter could thus limit the rate of growth of S. pullorum. As shown by the representative data in table 4, the slowly oxidized amino acids are indeed assimilated by S. pullorum. Threonine, proline, cystine, aspartic acid, and glutamic acid, all of which are oxidized slowly by S. pullorum, are assimilated to the extent of 20 to 30 per cent. The only exception is glycine which, like alanine and serine, is not assimilated. The rate of oxidation and assimilation of these five amino acids could permit, therefore, slow but appreciable growth.
Accumulation of acetate. Of a total of 10 strains of S. pullorum examined for possible oxidative assimilation of alanine and serine six strains showed no assimilation. The remaining four strains, however, appeared to assimilate large amounts of the two amino acids, 50 to 70 per (Chargaff and Sprinson, 1943) . Since the divergent strains of S. pullorum could not oxidize acetate, it seemed possible that acetate accumulated in the cell suspensions during the oxidation of alanine and serine and that this process rather than assimilation was responsible for the incomplete oxidations.
To determine whether there is indeed an accumulation of acetate in the case of the divergent strains, oxidations of alanine were carried out on a scale large enough to permit the isolation and identification of acetate. In a typical experiment 100 ml of cell suspension of a divergent strain of S. pullorum, prepared in the usual manner, were mixed with 500 jAmoles of alanine in a cotton-stoppered, 1-liter Erlenmeyer flask. The mixture was incubated, with shaking, at 28 C. To measure 02 consumption and to determine completion of the oxidation, a control manometric experiment was carried out, simultaneously, with 2 ml of the same cell suspension and 10 ,moles of alanine. The cell suspensionsubstrate relation, therefore, was the same, quantitatively, in the Warburg vessel as in the large flask. The latter was removed from the incubator for analysis shortly after the manometric experiment indicated completion of the oxidation. The (Stokes, 1949) , by the lanthanum nitrate color test, and finally, by isolation and characterization of acetate as the silver salt. All four divergent strains behaved similarly. Data for two of them are presented in table 5. In agreement with previous results, the amount of oxygen consumed was only about one-half that required for complete oxidation of all of the alanine and this suggests that half of the alanine was assimilated. However, volatile acid accumulated in the cell suspensions during alanine oxi-dation. The acid was identified by Duclaux distillation. Of the volatile acid fraction, 100 ml were distilled and four consecutive 20-ml portions were collected and individually titrated with 0.01 N NaOH. For comparison, solutions of acetic acid and of propionic acid were distilled and titrated under exactly the same conditions as the unknown volatile acid. Representative results obtained are shown in table 6. Thus the unknown volatile acid fraction contained acetic acid and only acetic acid. The presence of the latter was confirmed by positive lanthanum nitrate tests. Also, the volatile acid was isolated in crystalline form as the silver salt by precipitation with dilute AgNO3. The crystals had the same characteristic plate structure and refractive index as that of authentic silver acetate.
The total amount of acetic acid which accumulated during alanine oxidation was calculated from the titration values obtained on the aliquots of the volatile acid fraction. There was good agreement between the amount of acetic acid isolated from the cell suspensions and the calculated amount present based on the oxygen consumption data. The recoveries of acetic acid were in the range of 85 to 100 per cent.
There can be no doubt, therefore, that the four divergent strains of S. pullorum, like the other six strains, are unable to assimilate alanine during oxidation. What appears to be assimilation is actually an incomplete oxidation of alanine in which acetate accumulates because the organisms are unable to oxidize it. These results indicate, also, that acetate formation is probably an intermediate stage in the oxidation of alanine by salmonellae.
There was no accumulation of acetate in the oxidation of alanine by any of our strains of rapidly growing salmonellae nor could this be expected since all of the strains readily oxidize acetate.
In addition to the 10 strains of S. pullorum already described, six other strains were obtained and examined. These were like the majority of the previous strains in that they oxidized alanine completely without assimilation or accumulation of acetate. Inability to assimilate alanine and probably also serine appears to be a general property of S. pullorum since it occurred, without exception, in a total of 16 strains randomly chosen.
Oxidation and assimilation of tricarboxylic acid (Paretsky and Werkman, 1950) and this may also account for the absence of assimilation with glycine.
Radioactive tracer experiments on assimilation. To obtain more direct evidence of oxidative assimilation or lack of it by the salmonellae, oxidations were carried out with labeled acetate, C'4H3COONa, with S. typhimurium and S. pullorum strain 3083. Assimilation by S. typhimurium should result in marked radioactivity of the cells whereas the absence of assimilation with S. pullorum should leave these cells essentially unlabeled after oxidation.
2-C'4-labeled anhydrous sodium acetate (0.6 mg) was dissolved in water along with sufficient unlabeled acetate to make a 0.02 M solution. The oxidations were carried out in the usual manner with 4,moles of acetate. When the oxidation was over, the contents of the vessel were removed quantitatively with the aid of a small amount of water. The cells were collected by centrifugation and washed thoroughly with four changes of water to remove any externally adhering radioactive material. The washed pad of cells was suspended in 2.2 ml of water. Amounts of this suspension which varied from 0.05 to 0.2 ml were uniformly distributed on stainless steel planchets and dried. The radioactivity of the cells was measured with a thin end-window Geiger tube and an autoscaler. Radioactivity counts were made also on the original solution of acetate to determine the total number of counts used in each oxidation. The manometric and radioactivity data are presented in table 8.
According to the manometric data, S. tryphimurium oxidized 71 per cent of the acetate and assimilated 29 per cent. The corresponding radioactivity results show that the cells, after oxidation of the labeled acetate, are very radioactive and that 25 per cent of the original radioactivity of the acetate has been assimilated. This figure is in good agreement with the 29 per cent assimilation derived from the manometric, oxygen consumption data. In contrast, S. pullorum oxidized virtually all of the acetate and only a small amount of radioactivity was present in the cells after the oxidation. The results with radioactive acetate support, therefore, the previous conclusions on oxidative assimilation by the salmonellae, based on manometric data. tion of amino acids by resting cell suspensions of both types were determined and compared. Significant differences were found. The rapidly growing strains, Salmonella oranienburg, Salmonella typhimurium and others, oxidize more amino acids and many of them more rapidly than the slowly growing strains of S. pullorum. Moreover, alanine and serine-the only two amino acids oxidized rapidly by S. pullorum-are oxidized completely, without assimilation. Only those amino acids which are oxidized slowly, such as proline and cystine, are assimilated by S. pullorum. In contrast, the rapidly growing strains oxidatively assimilate alanine, serine, and all of the other amino acids oxidized either rapidly or slowly. It is suggested, therefore, that the rate of oxidation and extent of assimilation of amino acids may control the rate of growth of salmonellae.
Some strains of S. pullorum which cannot oxidize acetate accumulate this coinpound during the oxidation of alanine.
In addition to alanine and serine, S. pullorum cannot oxidatively assimilate glycine, lactate, pyruvate, and acetate. Since acetate miiay be an intermediate stage in the oxidation of these compounds, lack of assimilation may be due to some peculiarity in the metabolism of acetate which prevents synthesis of cellular material. In general, assimilations by S. pullorum do not occur in the oxidation of C2 and C3 compounds but appear in the oxidation of C4 and higher compounds. The nonoccurrence of assimilation with S. pullorum in the oxidation of so many compounds appears to be unique among microorganisms.
